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Introduction
The measurement of the energy spectra of heavy avour hadrons produced in Z decays tests the hadronization mechanism of heavy quarks into physical states, but also has practical importance for many b p h ysics measurements at LEP. The predicted B hadron energy distributions depend upon a convolution of perturbative QCD (i.e. hard gluon radiation) and the hadronization mechanism itself. Due to the non-perturbative nature of the latter, precise quantitative predictions are still missing, and phenomenological models must be used to describe the hadronization process.
Assuming that the transition amplitude for a fast moving heavy quark Q to fragment i n to a hadron H = (Q q) and a light quark q is proportional to the inverse of the energy transfer E 1 = ( E H + E q E Q ) 1 in the breakup process, the following parametrization has been proposed by P eterson et al. [1] 
Although other forms of the fragmentation function have been suggested in the literature [2, 3, 4] , the shape of Ref. [1] is widely used in the interpretation of experimental results and in the modelling of b-hadron production in simulation programs. The only parameter of the model, Q , is expected to be the squared ratio of the eective light quark mass to the heavy quark mass
and z is dened as z = (E + p k ) hadron (E + p) quark :
Here, (E + p) quark is the sum of the energy and momentum of the quark after accounting for initial state radiation, gluon bremsstrahlung and photon radiation in the nal state. Unfortunately, this variable is not experimentally accessible on an event-by-event basis and the interpretation of the results in terms of z can therefore only be given in the context of a specic model. Results are usually expressed in terms of the scaled energy x E , dened as the ratio of the heavy hadron energy to the beam energy
This variable, which includes the eect of photon and hard gluon radiation, is used in the present analysis.
To date, the b-quark fragmentation function at the Z peak has mostly been probed indirectly by studies of inclusive lepton spectra in b semileptonic decays [5, 6 , 7 , 8 ] , b y inclusive J= production [9] and by c harged particle multiplicities in Z ! b b e v ents [10] . Such measurements usually only provide information about the mean energy fraction hx E i carried by the b avoured hadrons, although some attempts have been made to unfold the shape of the x E distributions from the lepton momentum spectra [7] .
Another promising method [11] uses semileptonic B meson decays B !``D(X) with full reconstruction of the D meson, computing the missing neutrino energy from energy-momentum conservation. It has the advantage of directly measuring the B energy spectrum, independently of the fragmentation model, but has been limited, until now, by the small number of events available.
This paper presents a new measurement of the b-quark fragmentation using about 1400 de- a generic term covering all the non-resonant decays to D () + n or decays to P-wave c harmed mesons and higher spin states decaying to D () ; unless otherwise specied, a mixture of 50% narrow resonant and 50% non-resonant or wide resonant states are called D throughout the paper. The outline of this paper is as follows. First, a brief description of the ALEPH experiment is presented. The selection of B!``D(X) events is described in Section 3. The measurement of the B momentum using neutrino energy reconstruction is discussed in Section 4. Section 5 is devoted to the study of b fragmentation, and Section 6 describes the main systematic errors aecting this measurement.
While E spectrum after corrections for acceptance, detector resolution and missing particles are given in Section 5.
Detector description and lepton identication
A detailed description of the ALEPH detector and of its performance can be found in Ref. [12, 13] . The charged particles are tracked inside a three-component magnetic spectrometer immersed in the 1.5 T eld from a superconducting solenoid. Closest to the beam pipe is the vertex detector (VDET) [16] , consisting of double sided silicon microstrip detectors, arranged in two cylindrical layers at average radii of 6.3 and 10.8 cm. This detector covers an angular range j cos j 0:85 for the inner layer, and j cos j 0:69 for the outer layer. The spatial resolution for r coordinates is 12 m; for z coordinates, it varies between 12 and 22 m, depending on the polar angle of the charged particle. The vertex detector is surrounded by a drift chamber (ITC) with eight axial wire layers up to a radius of 26 cm, and a time projection chamber (TPC) which measures up to 21 three dimensional space points per track at radii between 40 and 171 cm.
With this combined system, a transverse momentum resolution (1=p T ) = 0 : 6 10 3 (GeV=c) 1 is achieved. For tracks with associated hits in both layers of the VDET, the impact parameter resolution is = 2 5 m + 9 5 m = p ( p in GeV/c), in both the r and the z views. The tracking system allows the interaction point to be reconstructed on an event-by-event basis [17, 18] , with an average resolution of 85m for b b e v ents. The TPC also provides up to 338 measurements of the specic ionization for charged particles, allowing electrons to be separated from other charged particle species by more than three standard deviations up to a momentum of 8 GeV/c. In the relativistic rise region, the K separation is roughly two standard deviations.
The electromagnetic calorimeter (ECAL) is a lead-proportional chamber sandwich with cathode pad readout in 0:9 0 0:9 0 projective t o w ers with three segments in depth. Electrons, as well as photons, are identied by the characteristic longitudinal and transverse developments of their associated showers.
Muons are identied by their characteristic penetration pattern in the hadron calorimeter (HCAL) and in the muon chambers. The HCAL is the iron return yoke of the magnet, instrumented with 23 layers of streamer tubes which provide a two dimensional measurement o f m uon tracks and of the hadronic shower development. The muon chambers surround the HCAL and consist of two double layers of streamer tubes, providing three dimensional information on the position of each hit.
The total visible energy is measured with an energy-ow reconstruction algorithm [13] which combines all the above measurements and gives a relative resolution of 0:60= p E (E in GeV) on the total visible energy for hadronic Z decays. This algorithm, which also provides a list of charged and neutral reconstructed objects, is used in the following analysis to compute the visible energy in the b-hadron hemisphere.
Selection of B <`DX events
The decays B!``D(X) are searched for in hadronic events [14] containing at least one identied lepton of momentum p > 3 GeV=c. Leptons are identied using the standard criteria of Ref. [14] . The transverse momentum p T of the lepton with respect to the closest jet is computed as described in [14] , where the jets are built using the JADE algorithm [15] with 7 y cut = (6 GeV= p s) 2 and where the lepton is excluded from the jet for the p T denition. A cut p T > 1 GeV=c is applied to reject background from non-primary b decays.
Events are divided into two hemispheres with respect to a plane perpendicular to the thrust E . Charged kaon candidates must have the same charge as the lepton, as expected for a semileptonic B decay. If the dE=dx measurement i s a v ailable ( 90% of the tracks), the ionization of the K must be within two standard deviations of the expected value. For all the decay modes, a cut p K > 1:5 GeV=c is applied to the charged kaon momentum. The most energetic pion must have a momentum p > 1 GeV=c and the others (for K and K decays) are required to satisfy p > 0:5 GeV=c.
In E i = 0 : 693). They range from about 8% to 25%, depending on the D decay c hannels.
B energy reconstruction 4.1 Method
To accurately measure the x E spectrum, the B meson energy is estimated by summing the lepton, neutrino and D energies:
While the measurement of the lepton and D energies is straightforward, the neutrino energy E must be estimated using a missing energy technique. The total visible energy E vis in the lepton hemisphere is computed using the energy-ow algorithm described in Ref. [13] . Since in Figure 1 : Reconstructed D mass spectra for the dierent decay c hannels:
the selected decay modes of the D neither neutrons nor K 0 L are expected, the neutral hadronic energy associated to the charged particles from the D is likely to be fake and is therefore not counted in E vis . The reconstructed neutrino energy is then given by E = E tot E vis ; (6) where E tot is the total energy in the lepton hemisphere. From energy-momentum conservation E tot = E beam + m 2 same m 2 opp 4E beam ;
where m same , m opp are the hemisphere masses on lepton and opposite side respectively. They are computed using the four momenta of all particles in the appropriate hemisphere. Although m same cannot be exactly computed due to the presence of a neutrino, Eq. (7) gives a more accurate estimate of the neutrino energy than approximating E tot by E beam , because the error on the hemisphere masses is small compared to the error on E vis [20] . 
Resolution and corrections
The dierence between the reconstructed x (B) E and the generated x (b) E was studied using simulated data. The standard ALEPH Monte Carlo, HVFL03 [5] , which is based on JETSET 7.3 [22] , was used. More than 10000 events with full detector simulation were generated for each D decay mode studied. These events were also used to compute the acceptance and the detector resolution eects in the study of the b fragmentation described in Section 5.
The scaled energy measurement is mainly aected by the yet poorly known production (i) of excited D mesons and (ii) of excited B mesons. 
(ii) When a b hadronizes to an excited B or B meson, photons or pions emitted from the excited B decay are not explicitly identied and x (b) E is again underestimated. The B /B production ratio was recently measured [29, 30] and has a value compatible with three, as expected from spin counting arguments. This value is used in the Monte Carlo. Since the mean photon energy in B !B decays is low, the dependence of the x (b) E measurement o n the B /B production rate is negligible. On the other hand, the production of orbitally excited B states, as reported recently by LEP experiments [29, 31, 32] , can aect signicantly the b fragmentation measurement. Since B production is not described in HVFL03, the eect of such states was taken into account using a toy Monte Carlo model. 
Study of b fragmentation
The raw x (B) E distribution for the signal was reconstructed in nine bins between 0 and 1. For each bin, the signal was estimated by counting the number of events in the D 0 or D mass peak, as described in Section 3. The raw spectra obtained for the various decay c hannels after subtraction of the predicted background from fake leptons correlated to a D meson (about 2% of the events) and from B decays to D s D, with D s decaying semi-leptonically (about 1% of the events) are shown in Fig. 3 . The analysis of the b fragmentation was then performed using two dierent methods: a comparison of the raw x (B) E distributions with the predictions of existing fragmentation models; a model independent reconstruction of the shape of the x (b) E spectrum, correcting the data points for acceptance, detector resolution and missed particles from B decays. E is computed using the corrected data points for each c hannel, assuming f D =30% and f B =27.9%. Errors indicated are statistical only.
Comparison to fragmentation models
The measured x (B) E distribution is compared to the prediction of dierent fragmentation models used in JETSET 7.3 [22] parton shower Monte Carlo with string fragmentation [21] . In this model, the fragmentation parameters are correlated with the QCD scale parameter JETSET , and with the shower cuto mass M min . F rom a comparison of the JETSET Monte Carlo to the ALEPH data [27] , the values JETSET = 311 MeV and M min = 1 : 9 GeV were determined. The following parametrizations of the fragmentation function were tried: in the analysis were combined together. Because of the dierent backgrounds, the statistical weights ! ch of each decay c hannel were computed separately and are given in Table 2 . The bin x (B) E < 0:3, for which the acceptance is close to zero in all decay c hannels, was not used in the analysis. To combine the ve spectra, the normalized x (B) E spectra for each c hannel were constructed, both for the data and for the Monte Carlo, and summed together with the relative weights ! ch . I f N obs k (ch) is the number of events observed in bin k for channel ch, the fraction of events in bin k for the combined distribution is:
i=2 N obs i (ch) : (12) The best t to each model is obtained by minimizing
where k takes into account the statistical uncertainty in both data and Monte Carlo. The tted parameter values are listed in Table 3 , together with the corresponding mean energy fraction of the B mesons and the 2 probabilities. Errors indicated are statistical only. The systematic uncertainties are discussed in Section 6. Because the uncertainty o n f D is the main source of systematic error, the results are given both for f D =30% and for the upper and lower allowed values f D =40 and 20%. The 2 probabilities given in Table 3 show that the Peterson, Kartvelishvili and Lund symmetric fragmentation functions are favoured by the data, while the Collins and Spiller model gives a poor t. As mentioned in [27] , the mean scaled energy of b-hadrons produced in HERWIG is lower than in the data. This is clearly illustrated in Fig. 4 , which shows the combined x (B) E spectra for the data compared to the HERWIG prediction; the predictions of the other fragmentation models, with parameters adjusted to give the best t to the data, are also shown in the same gure.
The above conclusions are not aected if B production is ignored. In that case, the best ts correspond to a decrease of 0.015 of the mean scaled energy.
Model-independent analysis
In this section the reconstructed x (B) E spectra for each c hannel are corrected for acceptance, detector resolution and missing particles (;) and are combined together. This provides a nearly model-independent estimate of the shape of the fragmentation function.
For a given channel, the true number of events in bin i, N true i (ch), can be unfolded from
; (14) where N obs k (ch) is the observed number of events in bin k for the channel ch, G ik (ch) i s t h e resolution matrix, i.e. the fraction of events with true x (b) E in bin i reconstructed in bin k, and 16 Figure 4 : The measured scaled energy distribution of the reconstructed B mesons (before eciency correction) combining all modes, compared to the predictions of dierent fragmentation models, for f D = 30%. The fragmentation parameters correspond to the best t to the data; they are given in Table 3 . 
The statistical weights ! ch of each decay c hannel are computed as mentioned in the previous Section.
(iii) Finally, to ensure the convergence of the iterative procedure, and to avoid spurious peaks arising from statistical uctuations inherent t o a n y iterative method, the fragmentation is constrained to be described by a smooth curve with a single maximum. A three parameters shape f(x (16) is found to be the best parametrization of the data. The tted curve i s i n troduced in the Monte Carlo to describe the energy distribution of simulated B mesons and the resolution matrix G ik is reestimated. Eq. (16) is only an ad hoc parametrization used to smooth the data spectrum in the iterative correction.
The procedure described above is iterated until each point m o v es by less than 10% of its statistical error. With this criterion, the convergence is reached after seven iterations.
This procedure has been tested by generating Monte Carlo \toy experiments" with dierent fragmentation functions. The convergence to the generated distribution always occurs in less than ten iterations. Many dierent shapes are statistically compatible with the data (see Section 5.1). While the nal result is computed using the best parametrization found, the model dependence of the results is studied by testing other allowed parametrizations. This is discussed in the following section. Stability of the nal result against the initial conditions (values G ik (0) assumed when starting the iterations) and against the convergence criterion was also checked and no dependence was found.
6 Systematics and nal result (17) where N k is the number of events in bin k and hx E i k is dened as hx E i k = R xf(x)dx R f(x)dx ; (18) the integration being performed over the bin k. The various contributions to the systematics are the following.
D fraction in B semileptonic decays: the systematic error due to the uncertainty o n f D was estimated by repeating the analysis for a variation f D = 0:1, as expected from a study of recent experimental results [23, 24, 25, 26] . The systematic error on the mean x (b) E is hx (b) E i = 0:010 D model: while there is clear experimental evidence for the decay B ! D 2420 [23, 25, 26] , other unidentied semileptonic B decays could either include heavier resonant states D J [26] or non-resonant decays B!``D () [25] . For the latter, the energy carried by the missing is expected to be about 10% higher than in resonant decays. The corresponding uncertainty o n x (b) E is hx E is hx (b) E i = 0:002 Neutrino energy reconstruction: the hemisphere energy reconstruction was checked by computing the neutrino energy in each hemisphere (according to Eq. 6 and 7) for an inclusive sample of events containing a high transverse momentum lepton with p T > 1 GeV=c. It can be seen from Fig. 5 that the neutrino energy distribution for the data is rather well reproduced by the simulation, both for the lepton hemisphere, in which a neutrino is always expected, and for the opposite hemisphere: no signicant shift is observed and the detector resolution is correctly simulated. The precision on the neutrino energy calibration is therefore estimated to be 100 MeV, from which a systematic uncertainty hx E spectrum of the leading b-meson produced is shown in Fig. 6 . The contents of each bin, together with the statistical and the systematic error on that number, are given in Table 5 . The systematic errors due to the uncertainty on the D and B contributions are given separately in the tables while, in the gures, they have been incorporated in the global systematic error. The inuence of D states is illustrated in Fig. 6 b y showing the best ts to the data points for f D =20%, 30% and 40%. In Fig. 7 , the same spectrum is compared to the predictions of the dierent fragmentation models, for the best t values of the fragmentation parameters and a D contribution f D =30%. In Table 6 , the correlation matrix for the statistical errors, which is non-diagonal due to the bin-to-bin correlation introduced by the deconvolution method, can be found. This value is in good agreement with analyses of inclusive lepton momentum spectra [5, 6, 7, 8] . E <1.
-------1.000 Table 6 : The bin-to-bin statistical correlation matrix for f D =30% and f B =27.9%.
For the latter, B production was not accounted for and therefore the mean x (b) E quoted are lower by 0.015. On the other hand this measurement does not include the eect of b baryon production, while the analyses of [5, 6, 7, 8] do. The mean x (b) E is increased by 0.001 when b-baryon production is included. which is consistent with previous measurements [5] .
Furthermore, this analysis improves on [11] and gives the most precise direct measurement of the shape of the fragmentation function to date. The x (b) E distribution observed (Fig. 7) has been compared with the predictions of dierent fragmentation models. The Peterson et al. [4] , Kartvelishvili et al. [2] and Lund symmetric [4] models were found to be compatible with the observed x (b) E spectrum, with corresponding 2 probabilities of 18%, 10% and 18% respectively, while the Collins and Spiller [3] fragmentation function is disfavoured by the data ( 2 probability less than 0.5%). The scaled energy distribution of b-hadrons obtained with HERWIG does not agree with the data.
